The properties of the wetting layer ͑WL͒ of InAs nanorings grown by droplet epitaxy have been studied. The heavy-hole ͑HH͒ and light-hole ͑LH͒ related transitions of the In͑Ga͒As WL were observed by reflectance difference spectroscopy. From the temperature dependent photoluminescence behavior of InAs rings, the channel for carriers to redistribute was found to be the compressed GaAs instead of the In͑Ga͒As layer, which strongly indicated that the wetting layer was depleted around the rings. Futhermore, a complex evolution of the WL with In deposition amount has been observed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2883931͔ Low-dimensional structures, such as quantum dots ͑QDs͒ and quantum rings, have attracted much attention because they are the basis of future electronic and optoelectronic devices.
Low-dimensional structures, such as quantum dots ͑QDs͒ and quantum rings, have attracted much attention because they are the basis of future electronic and optoelectronic devices. 1 The most commonly used growth method for these structures is the Stranski-Krastanov ͑SK͒ mode, in which the nanostructures can be formed to relax the mismatched strain of the system. Recently, several groups have grown lattice-matched GaAs/ AlGaAs structures by droplet epitaxy, which is a nonconventional growth technique for the self-assembly of high-quality nanostructures. 2 In this method, group III element droplets first form and then react with a group V element for crystallization. 3 Unlike SK growth, in which the presence of wetting layer ͑WL͒ is unavoidable, the WL thickness in GaAs QD structures can be tuned in droplet epitaxy. 4 There are also reports on the growth of InAs QDs with or without WLs by droplet epitaxy. 5, 6 It is clear that under some conditions, there surely exists an In͑Ga͒As layer under the In droplets. 6, 7 However, for InAs nanostructures, the details of the WL are not clear, and there is still no report on the WLs of InAs/ GaAs nanostructures, especially InAs rings grown by droplet epitaxy. The optical and electrical properties of the self-assembled nanostructures grown by SK growth mode or by droplet epitaxy can be affected greatly by the surrounding WLs. Therefore, it is desirable to know the electronic states and structures of WLs to understand the properties of the nanostructures and their devices. 8 In previous studies, reflectance difference spectroscopy ͑RDS͒ has been successfully adopted to characterize In͑Ga͒As WLs in InAs/ GaAs nanostructures grown by SK mode. 8, 9 Since the WLs often act as the carrier channel in a normal InAs/ GaAs system, by studying the carrier channel from the temperature dependent photoluminescence ͑PL͒ behavior of the InAs structures, we can also obtain information on the WLs. 10 In this letter, we studied the properties of the WL of InAs rings grown on GaAs by droplet epitaxy by RDS and photoluminescence ͑PL͒. The channel for carriers to be redistributed among the InAs nanostructures was found to be the compressed GaAs instead of the existing In͑Ga͒As layer, which strongly indicated that the In͑Ga͒As WL was depleted around the rings. In addition, a complex evolution of the In͑Ga͒As WL with the In deposition amount has been observed.
All the samples were prepared on a 2 in. n-doped GaAs͑100͒ substrate by a Riber 32P molecular beam epitaxy ͑MBE͒ system. A GaAs buffer layer with a thickness of about 200 nm was first grown at 600°C after the removal of the native oxide by heating the substrate to 580°C under an As 4 molecular beam flux. Then, the substrate temperature was decreased to 120°C with the valve fully closed. The reflection high-energy electron diffraction ͑RHEED͒ pattern showed a ͑4 ϫ 2͒ Ga-stabilized reconstruction at this point. A nominal amount of 2.5 ML In was deposited on the GaAs buffer layer at a rate of 0.15 ML/ s, and the valve was fully opened to allow an As 4 flux with a beam equivalent pressure of 1.35ϫ 10 −5 Torr to be supplied to the sample surface for several minutes. After annealing at 450°C for a relatively long time until the RHEED pattern showed spotty patterns, the GaAs capping layer was grown with a thickness of 100 nm for PL measurements. Finally, InAs nanostructures were grown on the capping layer for atomic force microscopy ͑AFM͒ measurements. In addition, we also prepared another sample to study the dependence of the WLs on the In deposition amount. The growth procedures for this sample were the same as in our previous report 11 except that a nominal amount of 2.5 ML In was deposited on the GaAs buffer layer. The two samples are called A and B, respectively. After growth, sample B was cut into 16 pieces along the direction where the In deposition amount varies gradually. The 16 pieces were numbered from 1 for the least to 16 for the most. An almost linear variation of In deposition amount with the samples can be predicted on the basis of the cosine law for the MBE source beam. 12 The surface morphological properties of the sample were characterized by AFM in contact mode in air. Before the PL and RDS measurements, a rapid thermal annealing process was performed at 850°C for 30 s in a N 2 atmosphere to improve the crystal quality. In PL measurements, the sample was excited by a solid-state laser with a wavelength of 532 nm and a power of 100 mW. The luminescence spectra were detected with a Fourier transform infrared spectrometer equipped with In͑Ga͒As photodetectors.
The AFM image of InAs structures for the as-grown sample is shown in the inset of Fig. 1 . Because the deposition amount exceeded the critical value, which is estimated to be 1.4 ML, 11 only InAs mounds and rings with a density of 1.9ϫ 10 8 / cm 2 were observed. The average outer diameter, top diameter, and height of the rings are 260, 144, and 11 nm, respectively. The shape is the same as previously reported.
11 Figure 1 shows the RD spectra measured at room temperature for the as-grown sample and the sample after annealing, in which the WL related transitions are observed. Similar to that observed in InAs/ GaAs QD system grown by SK mode, 8, 9 the features at 1.35, 1.38, and ϳ1.42 eV are assigned to the heavy-hole ͑HH͒ and light-hole ͑LH͒ related transitions of the In͑Ga͒As WL and GaAs band edge, respectively. The RDS result demonstrates that there exists an In͑Ga͒As layer as a WL after the rings formed. The observed RDS signal, which measures the in-plane optical anisotropy of the In͑Ga͒As WL, probably comes from the segregation effect of indium atoms and anisotropic strain in the In͑Ga͒As WL, as discussed in Refs. 8 and 9. In this paper, the RDS intensities are ignored. Figure 2 shows the PL spectra of the annealed sample at different temperatures below 180 K. At temperatures higher than 180 K, the PL of the InAs rings is almost quenched. The peaks at 1.30-1.32 eV originate from the InAs rings, and the broad peaks at the low-energy side are related to the impurities in the substrate. The peaks' variation with the temperature from the analysis of PL results is summarized in the inset of Fig. 2 , which deviates from Varshni's law for InAs bulk materials. The temperature dependence of PL peaks of nanostructures may be quite different from that of corresponding bulk materials due to carrier redistribution among the nanostructures. We use the model in Ref. 10 to study the carrier channel of the InAs rings, which proved to be suitable to describe carrier channels of QD structures. The solid line in the inset of Fig. 2 is the fitting result according to Eqs. ͑3a͒ and ͑3b͒ in Ref. 10 , in which the value of the full width at half maximum of the PL spectra ⌫ is 95.5 meV and the carrier-to-channel activation energy E t is 0.11 eV. According to Ref. 10, the transition energy E ch related to the carrier channel of the rings at the temperature of 15 K is given by E ch = ͑1+a͒E t + E QR = 1.575 eV with a = 1.3, where E QR is defined as the transition energy of InAs nanorings.
The obtained E ch is clearly larger than the energy gap of bulk GaAs, strongly suggesting that the carrier channel is not the existing In͑Ga͒As WL but rather the compressed GaAs bulk material. Therefore, we believe the WL depleted around the InAs rings, which is different from other reports in which there is no WL or the WL is directly connected to the nanostructures.
3,4 Figure 3 shows the schematic of an InAs/ GaAs nanoring and the corresponding band structure according to the results above. The values of E WL and E QR can be acquired from RDS and PL experiments directly, and the value of E ch can be obtained from the analysis of the PL results.
As mentioned in our previous report, droplets form when the deposition amount exceeds the critical value. 11 The droplets act as nucleation centers to capture not only the supplied As atoms but also the surrounding In atoms. This makes the existing In͑Ga͒As layer around the droplets deplete so the bulk GaAs becomes the only carrier channel of the InAs nanorings. The depletion of indium around the nanorings is also verified by the volumes of the InAs rings, which are much larger than those of the original In droplets. By averaging crystalline volumes through AFM analysis, we can estimate the quantity of In atoms inside an InAs ring to be Figure 4͑a͒ shows the average densities of InAs rings from AFM measurement. Figure 4͑b͒ shows the RD spectra varying with the samples. The WL related transition is observed by RDS for all 16 samples. The shift of the LH structure actually reveals a variation of the total In amount in the buried In͑Ga͒As WL. As a rough estimation, the amount of In in the WL can be linearly related to the LH and HH transition energies. 8 For samples 1-6, only a portion of the deposited In atoms leads to the density increase of the rings ͓see Fig. 4͑a͔͒ , while the rest is incorporated in the WL, leading to the redshift of LH peaks in samples 1-6. In samples 7-11, more In atoms are absorbed by InAs rings and less In atoms are incorporated in the WL, slowing the redshift rates. For samples 12-16, the density of the rings is unchanged and some large dots appear; the blueshift reveals a decrease of the amount of In in the WL, although more In is deposited. For these samples, the large dots might relax strain energy via the generation of dislocations, leading to an enhanced absorption of In atoms.
The complex variation of the In͑Ga͒As WL with deposited In in droplet epitaxy is different from that in the SK growth mode. 9, 13 After the SK grown QDs form, the energy range of the WL transitions can be limited to a very narrow dispersion range of about 20 meV, in spite of some differences in the growth conditions. 13 The wavelengths of LH and HH structures are even fixed for some conditions. 9 In the case of droplet epitaxy, the energy of the WL transitions disperse in a wide range after the rings form. This is because the WL thickness is primarily determined by the lattice mismatch in the SK mode, whereas the WL in droplet epitaxy is also affected by the droplets.
In summary, the properties of the WL of droplet epitaxy grown InAs rings have been studied by RDS and PL. It was found that the In͑Ga͒As WL was depleted around the rings. The formation mechanism of the WL and its complex evolution with the In deposition amount were also discussed. 
